In order to dissect the MHC class I H-2K gene regulatory sequences, we previously generated transgenic mice containing various H-2K/ lacZ fusion genes. However, contrary to transgenes where H-2K sequences were fused to other coding sequences, none of the lacZ fusion transgenes was widely expressed like H-2K gene. We now show that this silencing also occurs when lacZ is inserted into a larger H-2K genomic construct including promotor and other regulatory elements. Because the 5 H H-2K region contains a CpG island, we suspected that the presence of lacZ coding sequences was interfering with the mechanism by which the H-2K promoter region is normally unmethylated and transcriptionally active. Indeed, we show that in high ( . 10) copy number transgenic mice, insertion of lacZ sequences in the vicinity of the H-2K promoter results in partial or complete methylation of the H-2K CpG island. However, in low (1±3) copy number transgenic mice no methylation was observed but the transgene was still silent, suggesting that the silencing effect of lacZ does not only rely on abnormal CpG methylation. Intriguingly, when the H-2/lacZ construct was introduced via embryonic stem (ES) cells, regulated transgene expression was observed in several chimaeric embryos derived from independent ES clones, but never in adult chimaeras. Combined with the fact that, despite much effort, it has been very dif®cult to generate`blue' mice, our results highlight the transcription-silencing effect of lacZ sequences when they are associated with regulatory sequences of ubiquitously expressed genes. q
Introduction
The bacterial lacZ gene encoding b-galactosidase (b-gal) is a convenient reporter gene for a number of reasons including its simple enzymatic assay, its easy detection in situ, its cell autonomy and its sensitivity as a marker of gene activity. Therefore it has been widely used to identify developmentally regulated genes in gene trap studies as well as to characterize the pattern of expression of tissue-speci®c genes in gene targeting experiments (`knock-in'). Moreover, fused to different sets of genomic sequences, it has allowed the regulatory elements conferring tissue-speci®c expression of numerous genes to be delineated using transgenic mice. From all these experiments, it is generally accepted that lacZ behaves as a neutral reporter gene (Goring et al., 1987; Forss-Petter et al., 1990; Klarsfeld et al., 1991; Colucci-Guyon et al., 1994; Zimmerman et al., 1994 and reviewed in Cui et al., 1994) . Indeed, in most studies in which lacZ is fused to the appropriate tissuespeci®c regulatory sequences the expression of the reporter gene mirrors that of the endogenous gene in the majority of the transgenic lines produced.
Strikingly, the result is totally different when lacZ is linked to the regulatory sequences of ubiquitously expressed genes, a fusion which is expected to result in uniformly stained blue transgenic animals. Despite many attempts, the generation of such`blue mice' has been rare. In fact, using fusion transgenes, only one transgenic strain has been produced that expresses lacZ in an ubiquitous manner. It was generated using an HMGCR-lacZ fusion gene, in which the reporter gene expression is under the control of the housekeeping gene 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR). Even here, ubiquitous expression was not the general rule, since it was found in only one of the seven HMGCR-lacZ transgenic lines produced (Tam and Tan, 1992) . Another`blue strain', ROSA 26, was obtained serendipitously in a screen for developmentally regulated genes with a gene trap vector that encodes a bgal neomycin resistance fusion protein (Friedrich and Soriano, 1991; Zambrowicz et al., 1997) .
All the other attempts to produce blue mice by fusion of identi®ed regulatory sequences from ubiquitously expressed genes to lacZ have been unsuccessful, including sequences from HPRT (Bonnerot et al., 1990) , b-actin (Sands et al., 1993; Cui et al., 1994; Shawlot et al., 1998) , b2-microglobulin (b2m) (Cohen-Tannoudji et al., 1992) or the class I H-2K gene (Weis et al., 1991; Cohen-Tannoudji et al., 1992) . Moreover, even when integrated by homologous recombination in the locus of the ubiquitously expressed b-actin gene and thus undoubtedly provided with all the regulatory sequences of the native gene, the lacZ gene was not expressed in a widespread fashion. Transgene expression was only detected in the targeted ES cells and in the adult testes of transgenic mice (Shawlot et al., 1998) . A similar pattern of expression was obtained in transgenic lines carrying a chicken b-actin lacZ fusion gene (Sands et al., 1993) . These results suggest that lacZ sequences exert a dominant negative effect over the normally ubiquitous regulatory sequences of the b-actin gene.
This hypothesis of a silencing effect of lacZ sequences per se was con®rmed in a study on regulatory sequences of the widely expressed MHC class I H-2K gene. Indeed, when 2 kb of the H-2K upstream regulatory sequences were fused to several reporter genes, such as hGH (Morello et al., 1986) , c-myc (Morello et al., 1993) , v-jun (Schuh et al., 1990) , fusion genes were ubiquitously expressed in adult organs of transgenic mice. However, when fused to lacZ, the same H-2K fragment did not drive appropriate expression of the transgene (Cohen-Tannoudji et al., 1992) . Instead, the H-2K/lacZ transgene behaved essentially as an enhancer trap construct, each transgenic line harbouring its own tissue-speci®c pattern of expression. A similar observation was also reported for the HMGCR gene: whereas a HMGCR-CAT fusion gene was expressed ubiquitously in ®ve transgenic strains (Mehtali et al., 1990) , only one out of four HMGCR-lacZ transgenic lines displayed transient transgene expression. Moreover, when both fusion genes were cointegrated in the mouse genome, the HMGCR-CAT construct was no longer ubiquitously expressed (Paldi et al., 1993) , suggesting that the dominant negative effect of lacZ sequences could extend to surrounding sequences.
In this study, we extended our previous analysis by ®rst creating transgenic mice or embryos carrying H-2/lacZ fusion transgenes in which lacZ sequences were inserted within the native H-2K gene. Despite inclusion in these constructs of all the regulatory sequences governing H-2K developmental expression (Drezen et al., 1995) , we again observed an erratic expression of lacZ in transgenic mice. We then created transgenic mice in which c-myc reporter sequences were inserted in place of lacZ sequences in one of the H-2/lacZ constructs. These animals expressed the fusion genes ubiquitously, thus demonstrating that the silencing effect was speci®c for the lacZ sequences. One way to interpret these results was that the presence of lacZ sequences in the H-2/lacZ fusion gene interfered with the mechanism which normally protects the H-2K CpG island from methylation and thus permits expression of the gene. We therefore analysed the methylation pattern of the CpG island within the endogenous H-2K gene and in the different H-2/lacZ and H-2/myc transgenic lines, as well as in embryos or adult chimaeras derived from H-2/lacZ-transfected ES cells. The results of this analysis clearly indicate that abnormal methylation of the H-2K CpG island contained in the transgene contributes to the aberrant expression of the latter; however, it is not the only mechanism responsible for it.
Results

lacZ coding sequences prevent H-2/lacZ transgene expression
In the adult, H-2 mRNA expression is ubiquitous, although its level differs from one organ to another. Its constitutive expression relies on the presence of 2 kb upstream sequences including the transcription start site (Kimura et al., 1986) . When linked to various coding sequences such as hGH (Morello et al., 1986) , v-jun (Schuh et al., 1990) or c-myc (Morello et al., 1993) , the transgene is expressed correctly in the resulting adult transgenic mice. In order to follow H-2K expression at the cell level, we have previously constructed various transgenes in which lacZ coding sequences were associated with these H-2K 5 H regulatory sequences (H-2Z/H-2nZ) ( Fig. 1 ; CohenTannoudji et al., 1992) . We followed transgene expression by analysing lacZ expression at various times during development after X-gal staining of embryos or adult tissues. Strikingly, none of the established lines or transient transgenic embryos expressed the transgene in the expected way: lacZ expression was either absent or restricted to speci®c cell types which were completely different from one transgenic line to another but identical from one littermate to another (Table 1 ; Cohen-Tannoudji et al., 1992) . As a region downstream from the promoter, the`H-2 downstream regulatory element' (H-2 DRE), encompassing exon 2 and intron 2, was shown later on to play an important role in the developmental expression of H-2K (Kralova et al., 1992; Drezen et al., 1995) , we decided to construct new transgenes including this region (Fig. 1) . In the H-2E1lacZ transgene, the H-2 DRE element is separated from the H-2K b promoter by lacZ coding sequences inserted inframe in the ®rst exon of the H-2K b gene. In H-2E3lacZ, the lacZ gene is inserted downstream of the DRE in H-2K b exon 3, keeping thus its natural position. We produced new transgenic founder mice and F0 embryos, the main characteristics of which are summarized in Table 1 . Overall, all the H-2K/lacZ fusion genes show position-dependent patterns, irrespective of the distance of lacZ sequences from the H-2 promoter and of the translation initiation codon (H-2 or lacZ) and despite the presence of the sequences necessary for the developmental expression of H-2K.
Comparison of H-2E3lacZ and H-2E3myc transgene expression demonstrates the intrinsic detrimental effect of lacZ sequences on H-2K expression
To test whether the presence of lacZ sequences per se was responsible for the erratic transgene expression, we constructed a new transgene in which the human c-myc exon 2 sequences were inserted at the same location in H-2K exon 3. Two H-2E3myc lines, containing 1 and 7±10 copies of the transgene, respectively, were produced and F1 transgenic animals were sacri®ced in order to study transgene mRNA expression in the adult mice. To do this, RNA extracted from different tissues was analysed by S1 mapping, using a human c-myc exon 2 probe. An H-2K probe was used in parallel to reveal endogenous H-2K mRNA expression. In both lines, the H-2E3myc transgene follows the pattern of expression of H-2K mRNA, except in the liver where destabilizing elements present in c-myc exon 2 sequences act to reduce the steady-state level of mRNA (Lavenu et al., 1995; Pistoi et al., 1996) (Fig. 2 and data not shown). Thus, the insertion of c-myc sequences in H-2K exon 3 does not alter H-2K gene transcription, showing that the unexpected behaviour of H-2K/lacZ fusion transgenes is due to lacZ sequences. Anomalous lacZ expression is a feature observed with all the H-2/lacZ constructs, whether they include H-2 intervening sequences or not, and whether they contain H-2 or lacZ translation initiation codon, thus suggesting that it is the association per se of lacZ sequences to H-2K upstream regulatory sequences which prevents transgene expression. Previous S1 and run-on analysis of lacZ expression in H-2nZ mice showed that the absence of lacZ expression was due to a lack of transcription (Cohen-Tannoudji et al., 1992) . Taken (Drezen et al., 1995) . Expression of the different constructs in the corresponding transgenic mice is also indicated on the right side. Correct' means that the pattern of expression of the transgene mimics that of the endogenous H-2K gene;`unexpected' indicates position-dependent expression unrelated to that of H-2K. Data are from (Morello et al., 1986; Cohen-Tannoudji et al., 1992; Drezen et al., 1995) and the present study.
together these data strongly suggest that the silencing effect of lacZ sequences takes place at the transcriptional level.
Methylation status of transgene H-2K CpG island
H-2K gene is considered as a housekeeping gene not only because of its widespread expression but also because it contains, as a hallmark, a CpG island in its 5
H region (Antequera et al., 1990) . This island occupies a typical location, encompassing the promoter and the ®rst three exons of the gene ( Fig. 3a ; Antequera et al., 1990) . One possibility was therefore that the lacZ gene interferes with the process that normally maintains the H-2K CpG island unmethylated. Indeed, sequence analysis indicates that lacZ sequences have a very high content of C 1 G and of CpG dinucleotides which dramatically increases the size of the CpG island (Fig. 3c ), as compared with the H-2K gene (Fig. 3a) or the H-2E3myc construct (Fig. 3b) . We thus compared the methylation status of the H-2K CpG island contained in the Fig. 2 . H-2E3myc transgene expression mimics that of the endogenous H-2K gene. An S1 nuclease mapping analysis was performed using total RNA extracted from the indicated H-2E3myc/1 organs (th, thymus; sp, spleen; ln, lymph nodes; lu, lung; in, intestine; ki, kidney; li, liver; mu, squeletal muscle) and human c-myc exon 2 and H-2K b exon 3 probes (see Section 4). The different H-2K/lacZ fusion genes were analysed either in transient transgenics at embryonic day E13.5±E15.5 or in established transgenic lines. In the latter case, lacZ expression was analysed both in adult and in E12 and/or E14.5 embryos. Numbers in brackets represent the number of expressing lines or F 0 embryos compared to the total number of transgenics obtained for a particular construct. Note that staining patterns reported in this table under the same term (CNS, Olf) differ greatly. As a positive reference, a summary of the results obtained with the H-2KLF construct is also included (Drezen et al., 1995) . Adr, adrenal gland; Bv, blood vessels; CNS, central nervous system; Cp, choroid plexuses; Hea, heart; Int, intestine; Kid, kidney; lb, limb bud; Lu, lung; Mes, mesenchyme; Olf, olfactory system; Pit, pitituary gland; PNS, peripheral nervous system; Ri, ribs; Sk, skin; Sto, stomach; Thy, thymus; To, tooth; Ton, tongue; Tr, trachea; Ver, vertebrae; 0, no detectable expression.
b Data from Cohen-Tannoudji et al. (1992) . c Data from Drezen et al. (1995) .
endogenous H-2K gene versus the H-2E3myc and H2E3lacZ transgenes. This analysis was performed by Southern blot using the HpaII (methylation-sensitive) and MspI (methylation-insensitive) restriction enzymes. We ®rst digested non-transgenic genomic DNA with PstI and used probe A to reveal an H-2K b -speci®c fragment encompassing the CpG island (Fig. 4a) . This 1.9 kb-long band was fully digested into tiny fragments by both HpaII and MspI enzymes in both strongly (spleen) and weakly (testis, brain) expressing tissues (Fig. 4a) . Thus, this region is not methylated and contains a functional CpG island.
Similarly, the H-2K CpG island contained in the H2E3myc transgene is unmethylated (Fig. 4b) . In contrast, in all H2E3Z/1 organs tested, the island has become methylated (Fig. 4c left) . However, the degree of methylation varies between transgenic lines and is directly correlated with the number of copies integrated (see Table 2 ): at low copy number (1±3), the transgene is not methylated (H2E3Z/6 line, Fig. 4c right) , while at high copy number the transgene is either fully (Fig. 4c left, line H2E3Z/1) or partially (line H2E3Z/2 and H2E3Z/4, data not shown) methylated. High copy number of the H-2K sequence itself does not cause methylation of the CpG island because (a) no methylation is observed in the H-2E3myc transgenic line containing 7±10 copies of the transgene and (b) all the transgenic lines which contain native H-2K genomic sequences express the transgene even when present at 30 copies (Drezen et al., 1995) . Altogether these data indicate that lacZ sequences per se interfere with the process which normally keeps the H-2K CpG island unmethylated and that the higher the copy number, the stronger the degree of methylation.
Restoration of a regulated lacZ expression in chimaeric embryos derived from ES cells
Several studies have suggested that embryonic cells have a distinct methylation machinery (see for instance Meehan et al., 1992b; Hendrich and Bird, 1998) . We therefore decided to produce transgenic embryos by using ES cells transfected with the H-2E3lacZ construct fused to a pgk-neo selection cassette (Fig. 5, bottom) . To introduce the construct in ES cells we used electroporation, which favours single or low-copy transgene integration (Boggs et al., 1986) . We isolated eight independent G418 R ES clones, con®rmed that they contain a few copies of the construct (1±3; data not shown) and analysed the H-2/lacZ methylation pattern. In 7 out of 8 clones, the H-2K CpG island was unmethylated (Fig. 5 , H2E3Zpneo/1; and data not shown) whereas in the remaining clone partial methylation was observed (Fig. 5, H2E3Zpneo/5 ). Five ES clones, including the one exhibiting partial methylation, were used to derive chimaeric embryos. lacZ expression was analysed by X-Gal staining of half embryos at E14.5±15.5. DNA was extracted from the remaining parts of the embryos to analyse the pattern of methylation. For each integration, the methylation pro®le observed in the chimaeric embryos was similar to that in the original ES clone (Fig. 5 and data not shown) . The partially methylated transgene was not expressed. In contrast, 3 of the 4 unmethylated transgenes were expressed. Two showed an expression pattern similar to that of the endogenous H-2K gene (mainly liver and yolk-sac); the third one was expressed only ectopically (see Table 3 ). Therefore, when introduced via the ES cell route, the H2E3lacZ fusion gene was able to recover its transcriptional speci®city to a certain extent. However, this activity is subsequently lost, since lacZ expression could not be detected in the major sites of H-2K expression in adult chimaeras (see Table 3 ). 
Discussion
Insertion of lacZ into an otherwise completely functional H-2K transgene results in aberrant expression of the reporter transgene
We initially thought to take advantage of the high ef®-ciency of lacZ as a marker of gene activity and produced H-2K/lacZ transgenic mice to analyse the developmental and cellular expression of MHC Class I H-2K gene. Four different constructs in which the lacZ reporter gene, with or without a nuclear localisation signal, was directly linked to 2 kb of H-2K b 5 H sequences (Cohen-Tannoudji et al., 1992) or inserted in the native H-2K b gene either upstream or downstream of the H-2 DRE, an important H-2 regulatory element (Drezen et al., 1995; Kralova et al., 1992) , were tested. Altogether, in the 31 transient transgenics or permanent lines derived, lacZ expression was either absent or restricted to speci®c embryonic or adult cell types, and, in those cases, completely different from one transgenic line to another. Strikingly, the H-2E3lacZ transgene is poorly expressed, compared to the H2E1lacZ one (Table 1) . A possible explanation could be that H-2E3lacZ, although being transcribed, gives rise to a fusion protein whose b galactosidase activity is reduced, due to the presence of the H-2K peptidic sequence at its amino terminal end. However the fact that the H-2E3Zpneo construct, which encodes the same H-2E3lacZ fusion protein, is widely expressed in embryonic chimaeras strongly suggests that H-2E3lacZ protein, despite longer N-terminal region, has conserved a normal level of enzymatic activity. Thus, the Fig. 5 . The H-2K CpG island is unmethylated in H-2E3lacZ transfected ES cells and remains unmethylated in the derived chimaeric embryos. The H-2E3lacZ-pgkneo construct corresponding to the H-2E3lacZ construct linked to the pgk-neo cassette is represented. After linearization, it was electroporated into ES cells. G418 resistant clones were isolated. Their DNA was prepared and a Southern blot was performed as described in Fig. 4c to analyse the methylation of the H-2K CpG island. Hybridization was performed using lacZ sequences as a probe. Chimaeric embryos were derived from ES clones. Their DNA was prepared at E14.5 and used in the same way to analyse the methylation of H-2K CpG island. differential expression of H-2E1lacZ and H-2E3lacZ transgenes does not seem to rely on the different structure of the two proteins. Instead it could re¯ect a difference in the accessibility of the transcriptional machinery to the H-2K promoter.
Several arguments strongly suggest that the association of lacZ sequences to H-2K upstream regulatory sequences per se silences transgene expression and that this effect takes place at the transcriptional level: (i) the H-2K regulatory sequences drive correct fusion gene expression when linked to various eucaryotic coding sequences such as hGH (Morello et al., 1986) , c-myc (Morello et al., 1993 , and this study), v-jun (Schuh et al., 1990) or c-fos (Ruther et al., 1988) ; (ii) lacZ sequences have been shown in numerous circumstances to behave as neutral reporter sequences (reviewed in Cui et al., 1994) ; (iii) S1 mapping and runon assays indicate that the H-2nZ transgene is not transcribed in the tissues which did not show lacZ expression (Cohen-Tannoudji et al., 1992) .
lacZ sequences interfere with the status of CpG island methylation
The association of lacZ with H-2K 5
H sequences is not the only documented case where the use of lacZ as a reporter gene has proved disappointing. Indeed, the same observations have been made in nearly all the transgenic mice carrying a transgene in which the regulatory sequences of ubiquitously or widely expressed genes are linked to lacZ sequences: ectopic expression in several embryonic tissues, and absence of or unpredictable expression in the adult (see Section 1). A feature common to these genes is the presence of CpG islands located upstream of the transcription start sites, which remain constitutively unmethylated in all the tissues examined (Bird et al., 1985; Bird, 1986; GardinerGarden and Frommer, 1987) . CpG islands have been suggested to protect housekeeping genes from the wave of de novo methylation that occurs at implantation (Kafri et al., 1992) . This lead us to hypothesize that lacZ could interfere with this protective mechanism. As the H-2K upstream region contains a CpG island (this study and Antequera et al., 1990) , we examined this possibility in the H-2/lacZ transgenic lines. The very high content of C 1 G and CpG dinucleotides in the lacZ gene dramatically increases the size of the CpG island compared to the H-2K gene or the H-2E3myc construct (Fig. 3) . If CpG islands constitute a primary signal that delineates regions which must escape de novo methylation, increasing the size of the CpG island would be predicted to confer an`over' protection of H-2K CpG island from methylation. This is obviously not the case as revealed by the study of the methylation patterns of H-2K, H-2E3lacZ and H-2E3myc genes. At high copy number (.10), when associated with lacZ but not with c-myc sequences, the pattern of methylation of H-2K CpG island changes drastically, most HpaII sites contained in the H-2K CpG island becoming resistant to digestion. In contrast, no methylation is observed in either low copy number H2E3lacZ transgenic lines or ES cells which also exhibit a low copy number. We thus propose that some intrinsic properties of lacZ sequences favour de novo methylation of the H-2K CpG island or alternatively impede CpG island demethylation. These properties might include the low number of binding sites for the Sp1 transcription factor present in the lacZ sequence and/or to its high content of CpG. Indeed Sp1 sites have been shown to protect CpG islands from de novo methylation (Pfeifer et al., 1990; Brandeis et al., 1994; Macleod et al., 1994) . Whereas nine Sp1 consensus sites are present in the 1 kb-long H-2K CpG island, 3 are found in the 775-bp long c-myc exon 2 and only 2 within the 3.9 kb of lacZ sequences. The importance of the density of mCpG in the process of de novo methylation has been elegantly demonstrated in a study on the testisspeci®c histone H2A and H2B genes, TH2A and TH2B. Strikingly, the CpG islands of these genes are methylated in non-expressing somatic tissues (Choi and Chae, 1993) . In vitro-methylated TH2A and 2B genes can be ef®ciently demethylated when transfected at low copy number into F9 embryonic cells. However, when the density of TH2A and 2B mCpG is increased, demethylation is greatly impaired, suggesting that the presence of numerous methylated CpG prevents access of factors protecting CpG from methylation. Because lacZ dramatically increases the number of CpG dinucleotides, it might attract proteins of the methylation system such as MeCP1, MeCP2 and their associated partners, therefore resulting in a permanent block to transcription (Jones et al., 1998; Meehan et al., 1992a) . However, we note that lacZ is occasionally expressed in ectopic sites. A possible interpretation is that our transgenes become demethylated in some tissues when inserted within the range of activity of demethylation elements, such as those contained in the IgK gene which cause demethylation over several kilobases of DNA, while concomitantly allowing the access of transcription factors to chromatin (Lichtenstein et al., 1994) . In this case, the fusion gene would thus acquire the patterns of expression of the genes present in the vicinity of their integration sites. Tables 1 and 2 . Aor, aorta; Ea, ear; Li, liver; Ys, Yolk sac.
lacZ sequences prevent ubiquitous transgene expression
None of the transgenic embryos or adult tissues derived from mice obtained after microinjection of pronuclei expressed the H-2/lacZ constructs correctly. The only case where the pattern of expression is as expected is in the chimaeric embryos derived from H-2E3lacZ transfected ES cells. In mice with high transgene copy number, abnormal CpG island methylation could account for transgene silencing. However, this explanation does not seem to hold true at low transgene copy number where, despite no overall change in methylation pattern, correct lacZ expression is not observed. By contrast, the low copy transgenes introduced via electroporation of ES cells are expressed. The observation that there is a difference between the expression of similar unmethylated low copy transgenes introduced via ES cells or pronuclear injection constitutes a new indication that methylation per se does not directly correlate with H-2K transcriptional down regulation. It also suggests that factors present in ES cells but absent from preimplantation embryos might be able to prevent H-2 silencing or, alternatively, that these cells do not express silencing factors. Furthermore when H2E3Zpneo/1 male chimaeras were crossed, the resulting transgenic embryos did not elicit b-galactosidase activity in the liver and the yolk sac which are the two major sites of H-2 expression, in contrast to what happened in the chimaeric embryos. This observation strengthens the hypothesis that the ES cells do not behave as preimplantation embryonic cells as regards the H-2K transgene silencing.
Altogether our observations suggest therefore that besides methylation there is another mechanism by which insertion of seemingly neutral sequences may lead to gene silencing. The systematic silencing of ubiquitous cis-acting elements that we observe with different H-2K/lacZ fusion genes and that has been observed in various studies should constitute a warning against the use of the lacZ reporter gene associated with ubiquitous regulatory elements.
Experimental procedures
4.1. Constructs 4.1.1. H-2/myc, H-2/hGH, H-2Z and H-2nZ These constructs have been described, respectively, in Morello et al. (1993) ; Morello et al. (1986) ; CohenTannoudji et al. (1992) . Brie¯y, all these fusion genes contain the same 2 kb-long H-2K b 5 H regulatory sequences, including the promoter fused to different reporter genes, i.e., the human c-myc genomic sequences, the human growth hormone gene, and the E. coli lacZ gene, respectively. Differences between H-2Z and H-2nZ rely on the facts that H-2nZ corresponds to an inframe fusion of lacZ coding sequences with the H-2K b translation initiation codon and that it includes the SV40 large T nuclear localisation signal (nls). Concerning lacZ expression, no difference was observed between the two transgenes.
H-2E1lacZ and H-2E3lacZ
These constructs correspond to a native 9.25 kb long H-2K fragment (H-2K LF) (Drezen et al., 1995) in which the nls-lacZ reporter gene was inserted inframe after the ®rst codon or within the third exon of the H-2K gene, respectively. The H-2E1lacZ construct contains all the sequences of the H-2K LF fragment except for the 27 bp-long KpnI± NotI fragment located at the beginning of exon 1 which has been replaced by the nls-lacZ reporter gene. The microinjected 12.8 kb-long fragment was recovered after HindIII digestion. In H-2E3lacZ, the nls-lacZ reporter gene was inserted inframe within the third exon of the 3 H D construct (a truncated version of the H-2K LF fragment (Drezen et al., 1995) at the unique PmlI restriction site. The 9.9 kb long H2E3lacZ fragment was puri®ed after HindIII digestion.
H-2E3myc
In this construct, 750 bp of the human c-myc exon 2 sequences were inserted inframe within the third exon of the 3 H D construct at the unique PmlI restriction site. The 7.2 kb-long H-2E3myc fragment was puri®ed after HindIII digestion.
H-2E3lacZ-pgkneo
The 9.9 kb HindIII fragment encompassing the H2E3lacZ construct was inserted into the unique HindIII site of the pgk-neo plasmid . Both orientations were recovered and electroporated into ES cells. As no difference between the two variants was observed, they have been referred to as the H-2E3lacZ-pgk-neo construct.
Production and maintenance of the transgenic strains:
The various transgenic mice were obtained after microinjection of the constructs into (C57BL/6 £ SJL/J) 2 or (C57BL/6 £ CBA) 2 fertilized eggs. In some cases, recipient mice were sacri®ced in order to analyse lacZ expression in E14±E15 F 0 embryos. These embryos were then cut in half, one-half being used for DNA preparation, the other being ®xed and processed for b-gal expression assay. Transgenic embryos and animals were identi®ed by PCR and Southern blot analysis of tail or placental DNA using either lacZ, cmyc or H-2K probe or oligonucleotides as described in (Morello et al., 1986; Cohen-Tannoudji et al., 1992; Morello et al., 1993) . Stable lines were maintained by successive crosses with (C57BL/6 £ CBA)F 1 mice. Methylation of the transgene was monitored by Southern blot analysis of genomic DNA digested by PstI alone or together with the methylation-sensitive HpaII or the methylation-insensitive MspI restriction enzymes and hybridized with an H-2K probe corresponding to H-2K 5
H regulatory sequences or a lacZ probe. Transgene copy number was estimated after PhosphorImager scanning of these Southern blots using the signal corresponding to the endogenous H-2K b gene as a reference for two copies.
Transgene expression
c-myc expression in the H-2E3myc transgenic line was analysed using a human c-myc-speci®c probe and S1 nuclease as previously described (Morello et al., 1993) . lacZ expression was detected using the X-gal staining procedure previously described (Cohen-Tannoudji et al., 1992) .
ES cells
The CK 35 ES cells (Kress et al., 1998) were electroporated with the H-2E3lacZ-pgk-neo construct and cultured in the presence of 300 mg/ml G418 for 12 days as previously described . Among the numerous G418 R clones, 8 were randomly chosen for further characterization. DNA from all 8 clones was prepared and analysed for methylation status. Transgene copy number was estimated as mentioned above. Five clones were microinjected into C57BL/6 blastocysts which were then transferred into (C57BL/6 £ CBA)F1 pseudogestant females. Recipient mice were sacri®ced and E14-E15 chimaeric embryos were monitored for methylation and b-gal expression. One clone was used to derive chimaeric adult mice.
